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Abstract

This paper proposes a decision support model to define electricity consumers’ remuneration structures when providing
onsumption flexibility, optimized for different load regimes. The proposed model addresses the remuneration of consumers
hen participating in demand response programs, benefiting or penalizing those who adjust their consumption when needed. The
odel defines dynamic remuneration values with different natures for the aggregator (e.g. flexibility aggregator or curtailment

ervice provider) and for the consumer. The preferences and perspective of both are considered, by incorporating variables that
epresent the energy price, the energy production and the flexibility of consumers. The validation is performed using real data
rom the Iberian market, and results enable to conclude that the proposed model adapts the remuneration values in a way that
t is increased according to the consumers’ elastic, while being reduced when the generation is higher. Consequently, the model
oosts the active consumer participation when flexibility is required, while reaching a solution that represents an acceptable g
radeoff between the aggregators and the consumers.

2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Power and energy systems are suffering major changes during the last years due to several factors such as the large
ntegration of renewable energy sources, as incentivized by regulatory entities [1], the end of regulated monopolies
nd the introduction of free competition, particularly in the production and commercialization of electricity [2].
lectricity customers are free to choose and switch suppliers, seeking possible economic advantages. Potential
enefits will depend on the efficient operation in the market and, on the other hand, the remuneration of aggregated
layers. The uncertainty brought by renewable energy sources’ dependency on natural factors, such as solar intensity
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and wind speed, requires the system to use consumers’ flexibility as a crucial means to balance the variation from
the generation side [3,4]. However, adequate remuneration schemes for consumers’ flexibility are still lacking.
Consequently, the ability to engage the several involved parties, such as consumers, prosumers and different types
of aggregators is weakened, and thereby postponing the generalized adoption of demand response programs.

Decision-support models in a context of electricity markets have already been proposed, e.g. [5,6]. The models
ocus mainly in consumers and generators’ market negotiations, energy scheduling and planning, and the definition
f demand response programs. The introduction of remuneration models for consumers’ active participation are
acking, especially those that combine the perspective and potential advantages to both consumers and aggregators,
hile considering the needs from system. Some relevant works on consumer aggregation have been proposed,

.g. [7] which proposes a model for consumers’ aggregation with the purpose of taking the most benefit from
arket participation, considering the perspective of both the system and the players’; and Raiker et al. [8] which

onsiders a model for consumers and building energy resources’ aggregation. However, specific models for defining
he most suitable remuneration to e applied to different types of consumers depending on their characteristics and
bjectives; the needs from the system; and the perspective of the aggregator, are still lacking.

This paper presents a methodology for the dynamic definition of remuneration methods for consumers’ flexibility
hen participating in demand response programs, benefiting those who adjust their consumption in times the system
eeds the most. The proposed model considers the perspective of both consumers and aggregators by balancing the
emuneration values in a fair way. The remuneration model is validated using a case study based a real power
etwork with 20 310 consumers and 548 distributed generators. Results show that the remuneration values enable
oosting consumers’ flexibility by incentivizing their active participation in times of need (i.e. when the consumption
s high and generation is low) while using the reference market price as baseline.

After this introductory section, Section 2 presents the proposed consumers’ flexibility model and Section 3
resents the results from the application of the proposed model. Finally, Section 4 presents the most relevant
onclusions and contributions of the presented work, as well as directions for future work development.

. Proposed model

The proposed model is directed to the demand response management from an aggregator. The Remuneration
nd Tariff Mechanism (RemT) [9,10] is a decision support mechanism that is being developed to support the
irtual Power Player (VPP) [11] actions in the definition of the best tariff and remuneration to apply to each of the
ggregated players, regarding the VPP objectives and the individual goal of each aggregated player. The definition
rocess is presented in Fig. 1.

Fig. 1. RemT definition process [10].

In a first step, consumers are clustered based on the relation between their characteristics. In this way, the
remuneration is adapted to different player types or groups. K-means [12,13] is used to perform the consumers’
clustering process. K-means maximizes the distance between different clusters while keeping each observation
(consumer) as close as possible to the center of the respective cluster (1).

min
k∑

i=1

∑
x∈ci

∥x − µi∥
2 (1)

where µ is the mean of points in C , i.e. the cluster centroid.
i i
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Fig. 2. Considered distribution network [9].

The proposed remuneration methodology is based on the calculation of remuneration schemes and on the
evaluation of income for the aggregated consumers from providing flexibility. The defined remuneration method
is based on different consumers’ characteristics, as explained below. The remuneration value fluctuates according
to a factor that comprises the different variables that influence the remuneration calculation. The income analysis
considers the different methods: method A considers the demand response remuneration price CDR; method B
considers CDR affected by the consumers’ elasticity; and method C also considers elasticity and increment or
decrement to the consumption value.

The formulation is summarized as follows. The equation presented in (2) is used to represent the remuneration
calculation for each consumer. In (2) C DRc represents the remuneration of the consumers, obtained through the
proposed methodology. The Factor consists in several components and influences the variable C DR that represents
the cost of reduction (when the consumer is paid to reduce consumption). In (3) P RTPDR M AX represents the
maximum value of reduced energy per consumer, P RT P initial represents the initial consumption of each load,
Gen is the system production and Elast represents the elasticity of each consumer. w, x, y, z, where w+x+y+z = 1
are weights that can be assigned to the several variables, endowing them a relative importance.

C DRc = C DR × Factor (2)

Factor = w × PRT P RM AX + x × PRT Pinitial − y × Gen − z × Elast (3)

The formulation presented in (4) is used to represent the income associated at each consumer after applying
the remuneration methods. C DRc represents the value of remuneration obtained by applying the proposed model,
Preduct RTPMAX represents the maximum consumption reduction for participation in Real-Time Pricing (RTP)
demand response programs.

Income(e) = C DRc(u.m./kW h) × Preduct RTPMAX(kW h) (4)
625
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Fig. 3. Remuneration values obtained with (A) Method Min, Max and Med and (B) Method Rem.

3. Results

This section shows the results that can be achieved using the proposed methodology for remuneration definition.
This case study considers a real distribution power network (Fig. 2) that includes 30 buses, supplied by one high
voltage substation (60/30 kV) with a total number of 937 buses and 464 MV/LV transformers, with 20 310 consumers
and 548 distributed generators. [14]. This power network is composed by several areas, which refer to different
operation zones of the VPP that manages this network. The clustering process is, however, applied to all consumers,
regardless of the operation area, so that the remuneration and tariffs can be defined for all the considered consumers.

The calculation of the remuneration (C DRc) is carried out by applying different forms of remuneration. The first
three methods, for baseline results, consider as remuneration values, the maximum, minimum and average initial
cost of consumption reduction, according to all players that compose each cluster/group of consumers. The fourth
method refers to the proposed remuneration approach.

The chart presented in Fig. 3(A) shows that, when compared with the CDR, the calculated C DRc have the
expected behavior. When it is calculated using the minimum cost value from the cluster, the remuneration is lower
compared to CDR. Using the maximum cost from the cluster, the calculated C DRc reaches a higher value than the
basis CDR. Finally, when considering the average cost from the cluster, then C DRc = C DR.

From Fig. 3(B) it is important to analyze the remuneration values obtained, since the weights w, x, y and z have
significant influence on the remuneration values. The distinct values assigned to the weights enable adapting the

emuneration values according to the current situation of the system (renewable generation at each time) and the
onsumers’ characteristics.

The automatic adaptation of the remuneration values enables the aggregator to manage the overall cost for each
luster, according to the aggregator needs, while guaranteeing a fair remuneration for the consumers according to
heir characteristics and participation, and also according to the needs from the system.
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4. Conclusions

The current energy transition is being pushed by the increase of renewable energy generation and is driving
onsumers to take an active role in power and energy systems. In order to take full advantage from the full potential
f consumers’ flexibility, it is essential that suitable models for consumers’ participation remuneration are defined.

The decision support model for consumers’ flexibility remuneration proposed in this paper enables attracting
onsumers to assume a more active role in the system, through fairer remuneration strategies, which consider
onsumers’ characteristics and the generation of energy associated with the whole system. In this way, the proposed
odel enables finding suitable groups of consumers associated to a common aggregator, according to the similarity

f their characteristics, using a clustering approach; and to determine an adaptive remuneration price for consumers’
exibility, considering the market prices, the energy production and the willingness of each consumer to participate

n demand response programs.
As future work, RemT will be integrated in the Multi-Agent based Real-Time INfrastructure for Energy

MARTINE) laboratorial platform, located at GECAD/ISEP, to be used as flexibility remuneration definition model
or consumers’ acting in diverse levels of power and energy systems, and participating in different demand response
odels.
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